Abstract Development of a cost effective quality vaccine is a key issue in rabies control programme in developing countries. With this perspective, in the present study, challenge virus standard (CVS)-11 strain of rabies virus was adapted to grow in BHK-21 cells, characterized, compared with other viruses including global vaccine strains and field isolates from Indian subcontinent and China at molecular level. This cell adapted virus was evaluated for the production of cost effective veterinary vaccine. The maximum virus titre achieved was 10 7 fluorescent focus unit (FFU)/mL at 10th passage level. There was no nucleotide difference in the nucleoprotein (N) and glycoprotein (G) genes after adaptation in cell line. Phylogenetic analysis showed that adapted virus was grouped with global vaccine strains, closest being with other CVS strains but distinct from the Indian field isolates. Global vaccine strains including cell adapted CVS-11 virus have 83-87 % identity at nucleotide level of G gene with Indian field viruses. Growth kinetics of cell culture adapted virus showed that the optimum virus titer (around 10 7 FFU/mL) could be obtained at around 48 h post infection by cocultivation method using 0.1 multiplicity of infection inoculums at 37°C. These findings can be used for up scaling of vaccine production. The protective efficacy of test vaccine produced using 10 6.95 FFU/mL cell culture harvest showed 1.17 IU/mL relative potency by NIH test. Further, adapted virus was found to be suitable for use in rapid fluorescent focus inhibition test.
Introduction
Rabies is an important disease of developing countries. Globally it causes about 8.6 billion USD economic loss annually and the largest component of this loss is shared by developing countries [7] . India alone accounts for over 35 % of the global rabies burden (approximately 20,800 deaths every year). Economic loss due to rabies can be minimized by effective control of canine rabies and by production of cost effective rabies vaccine for veterinary use. Availability of cost effective quality cell culture based rabies vaccine to end user in developing countries may contribute in reduction of high prevalence rate of this disease.
New possibilities became available after successful adaptation of rabies virus in cell culture. Reports of successful replication of various fixed and street strains in variety of cells have become more popular nowadays [5, 16] . However, this adaptation has not helped much in manufacturing of effective vaccines and diagnostics. It is still considered as knowledge governing and technology demanding method due to high expertise, bio-safety and specialized infrastructure requirements. During the past two decades, there have been numerous attempts to develop alternatives like vector vaccine, recombinant vaccine based on G protein expression in a range of systems which led to a number of alternative approaches with the potential for new vaccines against rabies. However, because of the production cost and efficacy issues, tissue culture vaccines are still ranked as the most commonly used and recommended rabies vaccines.
High cost of cell culture rabies vaccine may be one of the factors which limit its use in developing countries. To lower the cost of tissue culture vaccines, several studies were under taken to modify the traditional five-dose regimen and evaluation of intra-dermal route of vaccination [4, 27] . Optimizing virus yield and application of alternative approaches for in-process quality control of vaccine are alternative strategies for the development of a low cost rabies cell-culture vaccine [12, 25] . Such strategy improves the productivity of the upstream process and therefore increases the number of vaccine doses produced per run. Even though, BHK-21 adapted viruses from CVS-11 strain, is being used as vaccine candidate by some of the industries like Indian Immunologicals Limited in India. Availability of the virus along with full characteristics in a public good laboratory like ours will speed up the research and development activities and will open doors for vaccine up-scaling in government laboratories such as State Veterinary Biological Units in India.
Human and veterinary vaccines have difference only in terms of purity and potency. However, in both the cases vaccine should protect host against field rabies virus. An ideal vaccine strain candidate must have been characterized at full length genome or for G and N genes [35] . Genetic difference between field strain and vaccine strain may be one of the reasons for rabies vaccine failure under field conditions. Therefore, any difference in G gene between vaccine strain and field viruses should be critically studied and analysed. It may give an idea that how effective is a vaccine against the field viruses in animal and human beings [16, 18] .
Various vaccine strains globally have been approved and recommended by international organizations for rabies vaccine production. Challenge virus standard (CVS-11) strain of rabies is one of such strains approved for vaccine production, recommended for use in RFFIT and internationally used as a challenge virus. It is well characterized strain, developed from the original Pasteur rabies virus (isolated in 1882) by adaptation in mice. The present study was aimed to adapt mice origin CVS-11 strain of rabies virus in BHK-21 cell line and to study the kinetics of the replication in the course of its adaptation, and determination of the optimal harvesting time for subsequent vaccine preparation. The study also aimed to characterize the adapted virus at molecular and immunogenic level. The study may help in evaluating the adapted virus as vaccine candidate for cost effective animal rabies vaccine production and for use in RFFIT, an alternative to mouse neutralization test (MNT). Such efforts are important for resource poor laboratories and countries, for quality vaccine production.
Materials and methods

Cell line and virus
Baby Hamster Kidney cell line (BHK-21 clone13), and mice passaged CVS-11 strain of rabies virus (passage-2) used in the present study were maintained at Division of Biological Products, Indian Veterinary Research Institute. BHK-21 cells were grown in Glasgow's Minimum Essential Medium (GMEM; Invitrogen, UK) supplemented with fetal calf serum (FCS; 2-10 %; Gibco, Invitrogen, UK).
Laboratory animals
Swiss albino mice of either sex, weighing 12-16 g were procured from Laboratory Animal Resources (LAR) Section, Izatnagar, IVRI and used in the current study. Protocols of the animal experimentation were approved by Institutional Animal Ethics Committee (IAEC) with approval no. F.1-53/2012-13/JD(R) dated 16 August 2014.
Primers and FITC conjugate
Details of primer pairs used in conventional and real time PCR are as per the details published before [6, 29] . FITC anti-rabies monoclonal globulin conjugate (Catal # REF 800-092, FDI, Fujirebio Diagnostic, Inc, USA) was used in fluorescent antibody test (FAT) and rapid fluorescent foci inhibition test (RFFIT).
Adaptation of CVS-11 strain of rabies virus in BHK-21 cell line CVS-11 strain of rabies virus infected mice brain suspension (10 % in CVS diluent) was used for infection of BHK-21 cell line by co-cultivation method. After about 24 h post infection (hpi) growth medium (GMEM supplemented with 10 % FCS, pH 7.2) was replaced by maintenance medium (GMEM supplemented with 2 % FCS, pH 7.8 ± 0.2) and the virus was harvested at about 48 hpi. Harvested material was thawed and used as inoculum for next passage. Aforementioned procedure was repeated for every passage until adaptation i.e. optimum virus titre ( [10 6 FFU/mL in this study). At each passage, cultured virus were harvested, aliquoted, and stored at -80°C. Virus was detected between passages by techniques viz. FAT, MIT, PCR and real time PCR [12, 25, 29] .
Identity confirmation by VNT and mice pathogenicity test
In order to confirm the identity of cell adapted virus, fixed quantity (100 FFU) of cell adapted virus was mixed with serially diluted known anti-rabies antibodies (Vinrig, Hyderabad) and incubated for 1 h at 37°C. Virus-antibody mixture was used to infect BHK-21 cells and subsequently detected by FAT at 48 hpi. Pathogenicity of cell line adapted virus (10th passage) and parental virus (before adaptation) were studied in mice by intra-cranial inoculation and compared. Each virus sample (40 MICLD 50 /mice) was inoculated in a group of mice (n = 6) through intra-cranial route, whereas control mice were injected with PBS. All test and control groups of mice were observed for 14 days. From the dead mice, few brain samples were randomly collected and presence of virus was confirmed using FAT.
Molecular characterization
Nucleoprotein and glycoprotein genes from cell adapted virus (10th passage) were amplified using KOD DNA polymerase and sequenced commercially (GCC Biotech, India). Obtained sequences were assembled and analyzed using sequencher version 5.2.4 and MegAlign of Lasergene package (DNASTAR, USA). Sequences of various vaccine strains and field isolates were downloaded from GenBank (NCBI) and used for phylogenetic analysis by MEGA 6.0 software with 1000 bootstrap replicates [32] .
Growth kinetics study
Growth pattern of cell adapted virus was studied in BHK-21 cells using 1, 0.1 and 0.01 multiplicity of infection (MOI) of virus. Virus was harvested at 0, 24, 48, 72, 96 and 120 hpi followed by titration using FAT.
Rapid fluorescent foci inhibition test (RFFIT)
To assess the suitability of cell adapted CVS virus for use in RFFIT, tenfold serial dilutions of known anti-rabies serum (Vinrig, Hyderabad) was prepared. Virus neutralization test with the uniform quantity of virus (100 FFU/ well of Terasaki micro titration plate) at 37°C for 1 h was performed. Virus antibody mixture was subsequently propagated in BHK-21 cells and growth of virus was detected using FAT.
Preparation and potency estimation of test vaccine
Cell culture harvest showing optimum virus titer was produced in bulk using virus from 10th passage. Inactivated vaccine was prepared using b-propiolactone (1:4000) and inactivation of virus was confirmed by FAT and MIT [10, 12] . Vaccine potency was determined by using standard NIH test [17] wherein four five-fold dilutions of test vaccine (undiluted, 1:5, 1:25, and 1:125) and international reference vaccine standard (1:10, 1:50, 1:250 and 1:1250) were prepared. Groups of 16 Swiss albino mice of 13-16 g weight were given two 0.5 mL doses of different vaccine dilutions by intra-peritoneal route of inoculation on days 0 and 7. After 14th day of the first vaccine inoculation, all mice were challenged with mice origin CVS-11 strain (0.03 ml, containing 45 mice LD 50 ) and observed for 14 days. The median effective dose (ED 50 ) value for test and reference vaccine were calculated and used to determine the relative potency of test vaccine and expressed in International Units.
Results
Adaptation of virus in BHK-21 cell line, its confirmation and quantification
Adaptation of CVS-11 strain of rabies virus in BHK-21 cell line was confirmed by fluorescent antibody test (FAT) after three blind passages. The same sample (3rd passage) was further confirmed by MIT, PCR and real time PCR. Identity of adapted virus was confirmed by VNT and it showed that the adapted virus is efficiently neutralized with known anti-rabies antibodies. In order to stabilize and to increase the virus titre, adapted virus was further passaged up to ten passages and intermittently confirmed by various tests (Table 1 ). Virus harvest generated at different passage levels were quantified using FAT. The virus titer was found to be increased gradually with serial passages and attained maximum of 10 7 FFU/mL titre by 10th passage. Similar trends were also observed on assessing virus quantity using qRT-PCR (unpublished data).
In-vivo pathogenicity test of BHK-21 adapted virus
Cell adapted virus inoculated intra-cranially in Swiss albino mice (weighing 13-15 g) showed signs specific to rabies after 5 days of inoculation and all the mice died at day 8 post inoculation. As for the mice origin CVS-11 strain, signs were observed at day 6 post inoculation, and all the mice died on day 9 post inoculation. These observations revealed that cell adapted virus is equally pathogenic to mice when inoculated intra-cranially as compared to parental virus.
Molecular characterization of virus
By sequencing, full length of G and N protein genes i.e. 1585 and 1353 nts, respectively were obtained (KR105372-KR105375). Multiple sequence alignment analysis of nucleotide sequences of N and G genes of cell adapted virus showed 100 % identity with original virus. G gene based phylogenetic analysis revealed that the adapted virus was grouped with other CVS and its variants which showed more than 99 % identity. Cell culture adapted virus formed a group along with global vaccine strains yet distinct from the Indian field isolates (Fig. 1 ) and showed about 83-87 % identity. N gene based phylogenetic analysis revealed the similar findings except for few isolates from Tamil Nadu (southern part of India) which were clustered with various Sri Lankan isolates (Fig. 2) .
Growth kinetics of virus, its utility in RFFIT and as vaccine candidate
Growth kinetics study indicated that the newly adapted virus yielded optimum virus titre at around 48 hpi, when inoculated with 0.1 MOI (Fig. 3) . Use of newly adapted CVS-11 virus in RFFIT showed identical results when compared with PV-11 virus (Fig. 4) . A gradual increase in fluorescence (bright intra-cytoplasmic fluorescence) with the decrease in concentration of antibody was observed, which shows the suitability of cell adapted CVS-11 virus for use in RFFIT. Inoculation of mice using cell culture adapted virus (passage-10) proved its pathogenicity, similar to mice origin CVS-11 virus. The results of the NIH test illustrated that the test vaccines prepared using the BHK-21 adapted CVS-11 strain (passage 10) harvest of 10 6.95 FFU/ mL titre without any concentration have a potency equivalent to 1.17 IU/mL, which is more than the OIE recommended standard of 1.0 IU/mL for veterinary rabies vaccine.
Discussion
Even though the present study was initiated with two cell lines viz vero cells and BHK-21 cells. BHK-21 cells were selected due to quick and early adaptation of the virus and ease of up-scaling through fermenter technology. We successfully adapted CVS-11 strain of rabies virus in BHK-21 cell line through serial passages. The increase in the virus titer indicated that the CVS-11 strain was adapted to BHK-21 cell line. Maximum virus titre obtained was 10 7 FFU/mL. According to WHO recommendations, virus strains having titre greater than or equal to 10 6 TCID 50 /mL and fixed in its growth pattern can be used as vaccine strain [16, 34] . Newly adapted virus was found to be fit on all such parameters. Data on infectivity titre of cell line adapted virus is considered to be sufficient enough for antigen/vaccine production without concentration [25] . During virus adaptation process, it was noticed that the cell adapted virus did not show any distinct cytopathic changes except slow cell growth with more cytoplasmic granulations as observed by other workers using different viral strains and cell lines [2, 23, 25] . This may be because of the nature of rabies virus to cause persistent infection without much cellular lysis [36] .
No difference at nucleotide level of N and G genes of cell line adapted CVS-11 strain, implies the genomic stability of cell culture adapted virus even after ten passages in BHK-21 cell line. The findings indicate that it may be equally efficient to induce virus neutralizing antibodies and the principles of quasispecies of RNA viruses could not be defined in this case. Based on the observations, no changes at molecular level and retention of pathogenicity for mice, we may presume that neurotropic variant might be the dominant type present in both mice brain and cell line derived viruses. None of the virulence-associated amino acid residues mutated during the adaptation which shows that the adapted virus is equally sensitive to mice and also to BHK-21 cell line. Therefore, use of cell adapted CVS-11 virus for RFFIT could be most ideal translation of the same virus in mouse neutralization test. Further, it may be possible to use cell culture derived virus for standard challenge study using NIH test with a known infectivity titer.
Glycoprotein gene based phylogenetic analysis revealed that the cell culture adapted virus grouped with global vaccine strains said to be originated from different countries except few Chinese strains (CTN-1 and JX08-45CC ). This indicates that the changes in G gene during in vitro passages for fixation of virus are relatively identical in nature and therefore results in close grouping of vaccine viruses. It is also possible that some global vaccine strains said to be originated from different geographical locations might have common original source. WHO laboratories have been source of rabies virus to different laboratories for research and development; due to poor record keeping system and an adoption of different host and methods might be the possible reason for different names given by these laboratories for same virus over a period of time.
Further, phylogenetic analysis of various global vaccine strains based on G gene showed about 85-87 % identity with the Indian field isolates. This could be possible because majority of global vaccine strains have originated from the original Pasteur virus (isolated in the year 1882).
But, viruses of arctic like lineage which are supposed to be originated somewhere around 1951 are presently circulating in major part of the Indian subcontinent [15, 20, 26] . Within Indian field isolates, geographic location wise subgrouping was prominently observed for viruses from northern (Uttar Pradesh, Delhi), western (Gujarat), and southern (Karnataka, Kerala) part of the country, which formed a distinct sub-groups. Under Indian scenario, it is clear that the spatial spread of rabies viruses is limited by geographical boundaries or topographical barriers and not by political boundaries. Similar findings on grouping of viruses based on geography was previously reported for isolates from Indian sub-continent [20] [21] [22] 28] and also other part of the world [11, 13, 19] . This finding indicates that rough idea for place of origin of rabies virus can be made using G gene based sequence analysis. In order to be acceptable, rabies vaccine strain candidate virus must be characterized at genetic level and should be capable to elicit more than minimum prescribed potency by NIH test. WHO recommends genetic characterization of vaccine strain at complete genome level or more particularly for G and N genes [35] . The G protein has role in cell attachment, induction of neutralizing antibodies and cell mediated immune response [31] . Therefore, any difference in this gene between vaccine strain and wild viruses should be critically studied and analysed. Further, this may also give an idea that how effective is the vaccine against the field viruses [16, 18] . In the present study we observed identity below 90 % between various global vaccine strains used in India and Indian field viruses. Thus, there is a need to have local isolates having more identity for vaccine preparation. It is reported that the rabies vaccine failure may occur due to genetic difference between local virus isolates and vaccine strains in use and it could be overcome by developing vaccine strains from locally circulating viruses [1, 16] . Therefore, the best vaccine strain is one that is as closely related as possible to the street viruses circulating within the specific geographical location [3, 16, 19] . Nucleoprotein gene based phylogenetic analysis revealed the similar findings as for G gene. It shows close grouping of few isolates from Tamil Nadu (southern part of India) with Sri Lankan isolates. This observation suggests that there might be two distinct rabies virus lineages circulating in India, one in south India (especially Tamil Nadu) and another in rest of the Indian states including neighbouring countries for which the borders are porous [30] in nature as rabies is a trans-boundary animal disease. South Indian viruses might be originated from the Sri Lankan viruses or vice versa over the time because of close geographical location.
Findings of growth pattern of cell adapted virus indicated that the cell culture adapted virus yielded optimum virus titer at around 48 h post infection, when inoculated with 0.1 MOI. This finding is in agreement on growth kinetics of Pasteur virus (PV-11) using similar growth parameters [25] . Findings were also in agreement with OIE recommendation for production of CVS virus [24] . Time for optimum harvest was reported to vary from 2 to 7 days depending on strain of virus, level of adaptation, temperature of propagation (33-37°C) and MOI [5, 16] . It was observed in our study that the time of optimum harvest gets delayed (48-96 h) with the reduction in initial inoculum (0.1-0.01 MOI). Similar observations were also reported by Hurisa et al., [8] for Evelyn Rokitniki Abelseth (ERA) of rabies virus strain using vero cell line. In line with earlier findings we also observed an eclipse phase of virus which was less than 24 h, and the virus yield was found highest at around 48 h post infection. Several workers also observed an eclipse period of 6-12 h in BHK-21 cells and production of virus for several days without appreciable inhibition of cellular synthesis or appreciable cellular changes in the form of cytopathic effects [9, 14, 33] . Relatively a flat growth curve was observed at 1.0 MOI in the present study. This could be possible because almost all the cells are infected simultaneously after infection. This may affect the growth rate of the cells during co-cultivation method and may have only one virus replication cycle thereby causing low virus titre throughout the investigation period [25] . Also, there might be two or more virus replication cycles possible when infected with low MOI (0.01-0.1).
The findings of RFFIT indicated that the virus can be used for standard potency assay as an alternate tool to VNT. This may help in reducing the use of large number of mice for antibody detection from serum. RFFIT using CVS-11 virus may also have more acceptance internationally, as mouse adapted CVS-11 strain is considered as the most important international challenge virus used globally [35] . Further, the cell adapted virus is identical to mice brain derived virus based on G and N gene sequence. Thus, we may replace the currently in-use virus (PV-11) with the cell line adapted CVS-11 virus without compromising the sensitivity, specificity and reproducibility.
The potency of inactivated test vaccine produced using 10 6.95 FFU/mL harvest without concentration was determined as 1.17 IU/mL using NIH test, which is above the OIE recommendation (1.0 IU/dose) for veterinary vaccine. This indicates that the cell adapted virus can be used for production of inactivated rabies vaccine without concentrating the crude harvest, which may help to produce cost effective vaccine for veterinary use.
Results of the present study indicated clearly that the BHK-21 adapted CVS-11 strain could induce a strong protective immune response in animals and has potential for use as a virus seed for inactivated vaccine production for veterinary use. However, based on phylogenetic analysis of local field isolates from India and global vaccine strains, it seems that the vaccines developed from well characterized local isolates might be the better choice for vaccine production in India.
